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New physics thresholds which can modify the diphoton and dilepton Higgs branching ratios sig- 
nificantly, may also provide new sources of CP and lepton flavor violation. We find that limits on 
electric dipole moments impose strong constraints on any CP-odd contributions to Higgs diphoton 
decays, unless there are degeneracies in the Higgs sector that enhance CP-violating mixing. We 
exemplify this point in the language of effective operators, and in simple UV-complete models with 
vector-like fermions. In contrast, we find that electric dipole moments and lepton flavor violat- 
ing observables provide less stringent constraints on new thresholds contributing to Higgs dilepton 
decays. 



1. INTRODUCTION 

The recent discovery of a Higgs-like resonance at the 
LHC p], with a mass of approximately 125 GeV consis- 
tent with electroweak precision observables, has solidified 
the impressive verification of the Standard Model (SM) 
at the electroweak scale. At the present time, the cou- 
plings of this resonance agree on average rather well with 
those of the SM Higgs boson. 

The lack of hints for New Physics (NP) in other chan- 
nels has focused attention on the detailed properties of 
the Higgs-like resonance, and deviations from the SM 
in its decays to various final states. Indeed, while the 
LHC now strongly constrains NP that can be produced 
either resonantly or in pairs from proton constituents 
with well-identifiable final states - e.g. Z' bosons decay- 
ing to leptons, or squark/gluino decays to jets, leptons 
and missing energy - NP produced via electroweak in- 
teractions or other weakly coupled hidden sectors is far 
less constrained. The latter possibilities are now com- 
ing under additional scrutiny as possible explanations for 
small 2cr deviations from the SM in certain Higgs pro- 
duction/decay channels PQ, specifically, the apparent en- 
hancement in the diphoton branching Br(/i — > 77) [5] and 
a possible suppression of decays to dileptons Br(h — > tt). 
Although these deviations are small and may well dissi- 
pate with more data, they motivate the exploration of 
viable models of NP that could provide an explanation. 
The recent literature has focused on Br(/i — > 77) and 
noted that relatively light (typically sub 300 GeV) elec- 
tromagnetically charged fields that are vector-like (VL), 
i.e. with a contribution to their mass which does not 
come form electroweak symmetry breaking, can lead to 
the required enhancement while still being accessible 
with sufficient statistics at the LHC [3H3- 

Exploration of Higgs interactions in this way will be an 
important probe of NP in coming years, and thus it is im- 
portant to clarify the full range of interactions that allow 
for measurable corrections to the Higgs branching rates, 
and the interplay with other precision data, particularly 
in the Yukawa sector. In this paper, we ask whether new 
VL thresholds contributing to sizable deviations from SM 



Higgs branching can also provide new sources of CP and 
flavor violation [HI [7] . In Sec. [2j building on [7] we focus 
on the CP-odd operator hF^F^, and elucidate the con- 
nection between the CP- violating Higgs decay amplitude 
and the impressive constraints on electric dipole moments 
(EDMs) of elementary particles [MIT]. We find that the 
inferred bound on the EDM of the electron [8j|9] does not 
allow for significant CP-odd contributions to the Higgs 
diphoton decay at the level of this dimension-five oper- 
ator. We then consider two UV completions involving 
VL fermions and/or singlets, and identify a special case 
where the Higgs is nearly degenerate with a singlet scalar 
that allows for large CP-odd contributions to the dipho- 
ton decay that can escape EDM bounds. In Sec. [3J we 
turn our attention to the (H^ H)L l L H e J R operators con- 
tributing to dilepton decays, and consider the benchmark 
sensitivity from lepton flavor- violating (LFV) observables 
and EDMs. Section [4] contains some concluding remarks. 

2. EDMS VS DIPHOTON DECAYS 

Consider new physics charged under SU(2)xU(l) only, 
so that the leading dimension-6 operators which correct 
the diphoton branching ratio of the Higgs are 
2 

AC = Jj^H^H (a h B^B^ + ~a h B^B^ 

2 

+ ~^H^H (bhW^W^ + hW^W^) (1) 

-> C j^hF, LU F^ + j^hF^ + ■■■ (2) 

Here Ch = ah + bh, Ch = hh + bh, v = 246 GeV and 
we have only retained the /177 operators, disregarding 
couplings to Z and W. Since we focus on corrections that 
are sizable for loop-induced couplings to the photon, the 
associated corrections to the tree-level hZZ and hWW 
couplings can be consistently ignored. For thresholds in 
the TeV range or above, measurement of the Higgs decay 
rate itself probably provides the best sensitivity to A. 
However, EDMs can provide sensitivity to the CP-odd 
threshold A. 
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The ensuing correction to the SM h — ¥ 77 width, 



B. UV complete examples with VL fermions 
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where Asm^^ = 125 GeV) ~ Aw + A t ~ —6.5 is pro- 
portional to the SM amplitude [12] ■ The deviations in 
the width are of 0(1) for A/y/cH - 5 TeV. Note that 
since the CP-odd operator does not interfere with the 
SM amplitude, the corresponding correction to the dipho- 
ton branching ratio is necessarily positive and scales as 
0(1/A 4 ). 



A. EDM limit on contact operators 

Current experiments [SHIT] already probe the EDMs 

of elementary particles at a level roughly commensurate 

with two-loop electroweak diagrams 13 , with the chi- 

rality of light particles protected by factors of m e ( g )/i>. 

(21) 

Thus it is useful to introduce the auxiliary quantity d^ 
that quantifies this two-loop benchmark EDM scale, 



,(21) 



\e\arrif 
16tt 3 v 2 
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2.5 x 10 



-27 



(5) 
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One observes that d e has already been surpassed by 
the current electron EDM limits 8 S 9], with the mercury 
[TO] and neutron [IT] EDMs not lagging far behind for 
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The CP-odd Higgs operator ^ generates fermionic 
EDMs via a Higgs-photon loop, 



c»j J- In 
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(6) 



(7) 



with explicit dependence on the UV scale Ayv- If this 
scale is identified with A, then using the current bound 
on the electron EDM, \d e \ < 1.05 x 10 _27 ecm [S], we find 

(8) 



A £ 50Vch TeV. 



Translating this to the Higgs diphoton branching ratio 
results in the conclusion that CP-odd corrections are lim- 
ited by 



AR^{5 h ) < 1.6 x 10" 



(9) 



However, this conclusion can be relaxed in specific UV 
completions. As we discuss in the next subsection, the 
logarithm ln(A 2 /m 2 ) ~ 10 cannot generally be stretched 
all the way to 50 TeV, as the loops of VL charged particles 
provide a much lower cutoff, while certain degeneracies 
may provide more significant qualitative changes to the 
implications of EDM limits. 



1. Singlet scalar with pseudoscalar coupling to VL fermions 

We will now consider a specific UV completion which 
allows the full 2-loop function to be taken into account 
for the electron EDM. The addition of a (hyper) charged 
VL fermion ?/> with mass transforming as (1,1,Q^,) 
under SU(3)xSU(2)xU(l), and a singlet S with a Higgs- 
portal interaction with the Higgs doublet H [14] . leads 
to the following Lagrangian, 

+ $\ [ m iJ + S(Y s + i l5 Y s )\^ + £ H s. (10) 

The terms in Chs contain scalar kinetic terms and de- 
scribe the Higgs-portal interaction between S and H via 
the following potential, 



V HS = 



-h 2 h h^h + \ h {h^h)- 

+ AH^HS-BS + 



- 2 o2 

rriqb 



(11) 



CP-odd couplings of the Higgs proportional to the com- 
bination AYs are generated, while the term linear in S 
can always be adjusted to ensure (S) — 0. We retain 
only the photon contribution of the vector current, 
as the Z contribution is suppressed by the small value of 
g v . After the breaking of SU (2) x U(l), the S field mixes 
with what would be the SM Higgs boson h to produce 
two mass eigenstates h and S, 



ce Sg 
-se ce 



tan 29 = 



2Av 



m| — 2Xhv 2 ' 



(12) 

where sg (eg) stands for sin (9 (cos6>). Both mass eigen- 
states inherit Higgs-like interactions with the SM fields 
and couplings to tp fermions. 

The dominant two-loop contribution to fermion EDMs 
is well-known |15j . and specializing to our case we arrive 
at the following result for the electron EDM as a function 
of Ys, 9 and m^, 

d f = df l) xQlY s —sm(29) [g{m% / m 2 ) - g{m% / m 2 s )\ , 

(13) 

where the loop function is given by 



dx 



2 J x(1 — x) — z 



In I Xi ^\ . (14) 



which satisfies g(l) ~ 1.17 and g ~ | lnz for large z. 
It is instructive to consider different limits of 
When rrih <C m^,ms, to logarithmic accuracy 

l/ m h) - 3( m V-/ TO l) -> \ ln ( m min/ m D; where m min 

is the smaller of mg and m^. In this limit, the heavy 
fields can be integrated out sequentially, with S and ip 
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first, and h second. The first step is simplified by the 
use of the chiral anomaly equation for ip, -07^ 75^ = 
2^75^+ -^Q^F/ju/F^u. This leads to the following iden- 
tification, 



c h _ uQ\ Y S A 



A 2 471- rn s m^ ' 



A uv ^ min(ms,m^). 



(15) 



Apart from a smaller value for the logarithmic cutoff, 
the result in this limit differs little from the contact op- 
erator case above. Even if the value of the logarithm is 
not enhanced, ln(m^ in /m^) ~ 0(1), the corrections to 
the Higgs diphoton rate will be limited to at most the 
sub-percent level unless a fine-tuned cancellation of d e is 
arranged with some other CP-odd source. 

We now consider a different near-degenerate limit, 
\rrih — ms\ <C rrih, which turns out to be more inter- 
esting as it allows the EDM constraints to be bypassed. 
If the difference between the masses is small, we can ap- 
proximate 



sin(20)(m| — m\) 



2Av, 



and the EDM becomes 
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where in the final step we made use of the large limit. 

The limiting case ( 17 1 receives no logarithmic enhance- 
ment. Moreover, the value of the A parameter can be 
very small, comparable to the mass splitting between h 
and 5* or less. An 0(1 GeV) mass splitting would nat- 
urally place Av 2 /(m 2 h m^) in the O(10~ 2 — 10~ 3 ) range, 
suppressing the EDM safely below the bound. 

At the same time, as explicitly shown in Ref. i5<, mod- 
ifications to the h — ¥ 77 rate can be significant, and 
enhancement can come from the F^F^" amplitude. Un- 
like corrections to the F^F^ amplitudes that can en- 
hance or suppress the effective rate, the CP-odd chan- 
nel always adds to R 11 . Assuming that the mass differ- 
ence between the singlet and the Higgs is small enough 
that they cannot be separately resolved (which requires 
I mg — to/J < 3 GeV with current statistics [S]), the ap- 
parent increase in the diphoton rate in this model is 
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S— >77 



h _y 71 ■ - 3^77 tnen ^77 simplifies to a 9- 
independent expression, 
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The rate for the weak eigenstate S to decay to two pho- 
tons via its pseudoscalar coupling to the VL fermions is 



' S— >77 



2567r 3 m 2 ,, 



A p 



12 V 4m.„ 



with 



Af /2 (r) = t (sin- 1 V^Y 



(22) 



(23) 



For large the apparent diphoton increase can then be 
expressed as 



A sizable increase in the apparent diphoton rate is seen 
to require rather large Yukawa couplings or light VL 
fermions. The VL lcptons must be heavier than 105 GeV 
to avoid limits from LEP. Their decay channels are fairly 
model-dependent but they are well within the reach of 
the LHC if they are at all relevant for the h — > 77 rate. 
For more discussion on experimental searches for such 
VL fermions, see [5]. 

In Fig. [T] we show the relationship between the elec- 
tron EDM and the enhancement to the Higgs diphoton 
rate that comes from the operator hF ilv F lLV for both the 
contact operator and nearly degenerate singlet cases. In 
the case of the contact operator, we show two cutoffs, 
A uv = 200 GeV and 1 TeV. As seen in Sec. [2Aj it is 
apparent that in this simple situation, any appreciable 
increase in the h — > 77 rate must be accompanied by 
a value of the electron EDM that is in conflict with the 
present experimental limit. We also show the relationship 
between and d e in the singlet case for two values 
of the mixing angle, 9 = 0.1 and 7r/4, fixing the pseu- 
doscalar Yukawa to Ys = 2 and choosing = 1. Dif- 
ferent values of and d e then correspond to different 
values of m^, . It is now apparent that a sizable increase in 
the effective diphoton rate can be obtained in this model 
without inducing a value of the electron EDM that is 
presently excluded, demonstrating a UV-completion of 
the effective interaction that evades the constraints im- 
plied by a simple analysis of this contact operator. The 
reason that the EDM constraints are evaded in this case 
is clear: mixing of the two fields, h and S, due to the 
small mass difference can proceed rather efficiently even 
with a small value of A, while the EDM loop diagrams 
do not enjoy the same resonant enhancement. In this 
model, for fixed P° 7 , d e increases with increasing AM 
and sin 29. The rough upper limit on AM of around 
3 GeV with current data implies an upper limit on d e of 
~ 10~ 28 e cm for ~ 1.5 — 2. Separately resolving a 
degeneracy near 125 GeV or limiting the size of a poten- 
tial mass splitting with more data clearly has important 
implications for EDM searches. 
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FIG. 1. The effective increase in the diphoton rate as a function of the electron EDM coming from a coupling of the Higgs 
to Ffj.vF^" . The black dashed lines show the relationship in the case of the contact operator hF^F^" simply cut off at the 
scales Auv = 200 GeV and f TeV. The solid lines show the relationship in the case of a scalar singlet, S, nearly degenerate 
with the Higgs coupled to a VL fermion, ip. We choose a splitting between ms and mu of AM = f GeV (left panel) and 
3 GeV (right panel) and a CP-odd Yukawa coupling of the singlet to the VL fermions of Ys = 2. The curve on the left of each 
panel (green) is for a mixing angle 9 = O.f and that on the right of each panel (blue) for 9 = tt/4. The dotted lines show the 
value of d e implied for the two mixing angles for my, = f 05 GeV and 300 GeV. Values of the electron EDM that are excluded 
experimentally, d e > f .05 x fO -27 e cm, are in the shaded region. We observe that the degenerate scalar allows for a sizable 
apparent increase in the Higgs diphoton rate in the CP-odd channel while not conflicting with the electron EDM limit, unlike 
the simple contact operator case. 



2. Full VL generation with CP-violating Higgs couplings. 

Another simple UV completion is a full VL generation 
of SM-like fields E R ~ (1,1,-1) and L L ~ (1,2,-1/2), 
with their mirror image fields El and L R , 



m?)(£ ] + i " 



Every entry in this mass matrix, Mgm,5ii(2), can be 
complex. However, there is only one physical CP-odd 
phase combination that cannot be removed by a field 
redefinition ~ (f>& + cf>L — 4>i ~ 4>2, which will appear 
in Higgs-fermion CP-odd vertices. For the purposes of 
calculation, it is more convenient to switch to the mass 
eigenstate basis for the Q = 1 fermions (we denote the 
masses mi and 7712), related to the original basis (25) by 
a unitary rotation of the left- and right-handed fields. 
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In the mass eigenstate basis, the Higgs fields develops the following couplings to the ipi and ip2 fermions 
h 
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(27) 



The ellipsis denotes the off-diagonal hipi^ couplings, rectly into the two-loop formulae, 
which will not affect the EDMs or Higgs decay phe- 
nomenology within our approximations. The CP-odd e^ 7 = d ¥ l) x sin(0£ - <j> R ) sin(26» L ) sin(29 R ) 



vertices from this Lagrangian can now be inserted di- 
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where Zj = mf/m?. In addition to the /17 two-loop di- 
agram, there is also a WW two-loop contribution, with 
the same topology. The mass of the neutral fermion that 
enters this diagram is given by Mr,, where 



\Ml\ 2 = m>2 cos" &l cos" tffl + ml sin" sin" o R 

cos(<p L - 4> R ) sin(20 L ) sin(20 fl ). (29) 



2 ? 
"2 cos 

mini2 



CP violation enters the WW diagram via the relative 
phase of the left- and right-handed charged currents. Per- 
forming the calculation, we find 



dY W = x sin(0, 
m,\m,2 ctw 
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where Zi = mf/m^, z L = \M L \ 2 /m w , a w = g^/(iir), 
and the new loop function j is defined as 



j(z,r) = z 



dx(l — x) 



(x-z)(l-x) 



In 



x(l — x) 
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(31) 

Calculations of these two-loop effects closely resemble 
those for the two-loop chargino-neutralino EDM contri- 
butions in 'split SUSY' models )16: and the two-loop 
EDMs in theories with additional CP-violation in the 
top-Higgs coupling (see, e.g., [T?]). 

In this model, the increase in the Higgs diphoton decay 
rate resulting from CP- violating couplings is 
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(32) 



where D is a (typically 0(1)) combination of two- loop 
functions, 



CP AND FLAVOR OBSERVABLES VS 
DILEPTON DECAYS 
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A large enhancement of the diphoton rate through CP- 
violating effects would require large mass splittings be- 

tweeirj'0i an d V>2 and for d e /d^ to be at least a factor 
(21) 

of a few. Since d e is itself larger than the present limit 
on the electron EDM, a sizable CP-odd enhancement to 
the h — > 77 rate in this model will generate an electron 
EDM in conflict with experiment. Therefore, this model 
is an example of a UV-completion that gives rise to the 
operator hF jlv F liV whose behavior aligns with that of the 



simple contact operator in Sec. 2 A a large CP-odd con- 
tribution to the Higgs diphoton rate conflicts with the 
experimental limit on the electron EDM. 



We now turn our attention to the leptonic branching 
ratio of the Higgs, and the interplay with sources of fla- 
vor violation in the Higgs couplings [HI US] ■ We will con- 
sider specific tree-level dimension-6 threshold corrections 
to the lepton Yukawa couplings jTTJ HUJ IS] 1 assumed to 
arise for example from a lepton-specific extension to the 
Higgs sector, 



-C = Y ij L\ He- 



ll 
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(H^H)L L He R + h.c. 



mikk + —lih(8i.j + a {j + i/3 l3 ^ )lj + 



(34) 
(35) 



where the second line refers to the mass eigenstate basis, 
and the normalization assumes rrii > rrij. The flavor 
matrix is 



Uij + i/3ij = 



(uzv^) i 



(36) 



where U and V rotate the left- and right-handed lepton 
fields from the weak basis to the mass basis, respectively. 

The correction to the Higgs dilepton branching ratio 
takes the form, 



1 We note that a large splitting is problematic for electroweak pre- 
cision measurements but a detailed analysis of this issue lies out- 
side the scope of this paper. Studies of electroweak precision 
and an increase in the Higgs diphoton rate have recently been 
undertaken in, e.g., [I] [5]. 



B, = 



pS_M 
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ll + o-nP + IA/l 2 
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so that any CP-odd correction is again necessarily posi- 
tive. 



G 



observable 


source 


limit 


Br(fi -» erf) < 2.4 x 10" 12 
Br(r -> e7) < 3.3 x 10" 8 
Br(r -» /ry) < 4.4 x 10~ 8 
T(/iiV e7V)/r capturc < 7 x 1(T 13 
Br(r -> fiK + K~) < 6.8 x 1(T 8 
Br(r -> 3/i) < 2.1 x 1(T 8 


MEG H2] 
BaBar [23] 
BaBar [23] 
SINDRUM-II [2H 
Belle [25] 
Belle [261 


712 < 4.7 x 1CT 3 
713 < 1.4 
723 < 1.6 
712 < 6 x 10~ 2 
723 < 57 
723 < 67 



TABLE I. Limits on the flavor matrix elements 7^ = \/a^- + /3 2 . from various observables. 



A. Flavor sensitivity 

We assume a generic flavor structure for the matrices 
aij and /3y. Integrating out the Higgs, the operators 
with minimal Yukawa suppression are 2-loop transition 
dipoles with top and W loops [18], 
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where 2j = mf/m|, ziv = m w/ m h' 9 ( z ) * s defined 



Eq. [LJ and 
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h{z) = z 



2 d ( 9 ( z ) 
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(42) 



There are also 1-loop contributions to the dipoles with 
an h — t loop, proportional (with our normalization) to 
Y T 2 , and Higgs-mediated 4-fermion interactions that are 
further Yukawa-suppressed. 



Using the effective interactions arising from (34), vari 



ous LFV transition rates are straightforwardly computed 
as discussed e.g. in [211 I27j . and we summarize some 
of the stronger limits in Table [Tj The transition dipoles 
generally lead to the strongest constraints, despite be- 
ing generated at 2-loop order, as they are not subject 
to additional Yukawa suppression. Indeed, the largest 
contribution to ji — > e conversion actually comes from 
the induced /j,ej vertex, despite being loop suppressed 
relative to the Higgs-mediated 4-fermion operator. 



2 We include only the leading diagrams involving virtual 
iy/goldstone bosons. 



We observe that most of the LFV limits are relatively 
weak, particularly in the r sector, and so thresholds that 
impact BR(/i — > tt) could still introduce new flavor 
structures in the r sector. The most stringent limits ap- 
ply to «i2 and /?i2, and a generic flavor structure in the 
muon sector would limit branching ratio corrections to 
the percent level. 



B. CP sensitivity 

There are analogous 2-loop contributions to the elec- 
tron EDM, 



ae m e Pu 
4 -16*3 ^ ( Ct + Cw >- 



(43) 



The current electron EDM bound [8 implies \Pn\ < 0.13. 
Taken as a generic flavor- independent limit, this would 
restrict any CP-odd corrections to the branching ratio to 
0(2%). 



C. Comments on UV completions 

A simple candidate model that can give rise to the ef- 
fective Higgs- lepton interactions in (34) is a two Higgs 
doublet model 



with one doublet, H q , coupled to 
quarks and the other, Hg, to leptons. H q can be arranged 
to be SM-like, suppressing the branching of the SM-like 
Higgs to leptons. The charged Higgses, if light, could 
contribute to the branching rate to diphotons. However, 
substantially increasing this rate appears to require large, 
negative quartic couplings, with potential issues for vac- 
uum stability. For further discussion of this point in the 
context of colored particles contributing to the diphoton 
rate, see |29j . 

The relatively weak limits on flavor-violating observ- 
ables could allow for 0(1) deviations in the Higgs sector 
with respect to leptons. Measuring the Higgs decay rate 
to taus would be a highly desirable step towards testing 
this possibility. Looking for lepton flavor-violating de- 
cays with a large sample of taus, as could be obtained at 
a Super- B factory, would shed further light on the situ- 
ation. Additionally, we note that it appears possible to 
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check the CP properties of the h — r — r coupling at a 
linear collider 30 . 

4. CONCLUDING REMARKS 

With the discovery of a new Higgs-like resonance at 
the LHC, attention is turning to precision tests of its in- 
teractions. The variety of decay channels accessible at 
~ 125 GeV is already providing important information 
about its couplings to vector bosons and fermions. Fur- 
ther tests of these production and decay channels in com- 
ing years will provide an important new probe of physics 
beyond the SM, and allow for a useful interplay with 
other precision data, particularly in the Yukawa sector. 
In this paper, we have studied the extent to which a 
generic new threshold with CP and lepton flavor viola- 
tion can impact Higgs branchings to diphotons and dilep- 
tons. We find that precision constraints on EDMs and 
LFV decays restrict this possibility quite significantly in 
many cases. In particular, large CP-violating contribu- 
tions to h — > 77 require an extended scalar sector with 
mass degeneracies. While there is currently limited infor- 



mation about h — y tt decays, large corrections to the SM 
rate are possible with new flavor structures at relatively 
low scales. Progress in studies of rare r-decays, e.g. at 
a Supcr-P factory, could provide further constraints on 
this possibility. 

Note: As this work was being finalized, several related 
publications appeared on the arXiv. Reference [31] dis- 
cusses CP-odd contributions to Higgs digamma decays in 
models with VL fermions, while Refs. [35] consider the 
CP-properties of the Higgs-like resonance. We also thank 
P. Winslow for informing us of related work in progress 
with S. Tulin. 
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